Abstract: Laser-drilled hole arrays are part of an important field that aim to improve efficiency without affecting the quality of laser-drilled holes. In this paper, a swirling gas jet was implemented to assist with laser trepanning for a galvanometer scanned CO 2 laser. The proposed swirling gas jet is based on laser trepanning. This swirling gas jet nozzle was composed of four inlet tubes to produce the flow of the vortex. Then, the plume particles were excluded, and spatter on the surface of the workpiece decreased. Thus, this approach can mitigate the problem of overcooling. This study manipulated the appropriate parameter settings, which were simulated by computational fluid dynamics software ANSYS CFX. The proposed swirling gas jet can be used with galvanometer-based scanner systems to keep the laser beam from interference by spatter. In addition, a hollow position of the vortex was achieved by using the four inlet tubes, which resulted in pressure asymmetry in the nozzle and velocity distribution on the surface of the workpiece. The experiment verified that the depth of processing could be enhanced by 110% when trepanning at a scanning speed of 30 mm/s, and that the removal of volume could be enhanced by 71% in trepanning at a diameter of 1 mm by using a swirl assistant compared with a non-assisted condition. Furthermore, the material removal rate of the swirling jet increases when the machining area of the galvanometer-based scanner is larger.
Introduction
Laser-drilled hole arrays are an important concept that aim to improve efficiency without affecting the quality of laser-drilled holes. To achieve high-throughput laser processing, a gas jet is usually employed in conjunction with the laser beam to increase the material removal rate [1] . In addition, to increase the machining speed, the laser apparatus is combined with a galvanometer beam steering system to provide machining along the material on the x-y axis. A galvanometer scanner was used for high-speed steering, which allows a laser beam to be projected onto the material with fast and precise positioning [2] . In [3] , a galvanometer scanner was used for the high-speed drilling of stainless steel and silicon. A combination of galvanometer-controlled scanning mirrors can be used for the cutting, drilling, and scribing of materials [4] , and leads to higher throughputs for laser micromachining [5] . However, it is a challenge to perform field laser drilling with the aid of assisted gas and a galvanometer together.
During laser-drilled micromachining, the recoil-pressure forced flow of molten material moving along the sidewall of the inlet hole results in a melt ejection phenomenon [6] . The melt ejection material during the drilling process consequently resolidifies on the material exterior around the hole
Model of the Computation Domain by the Assisted Gas Jets
The overall structure of the proposed nozzle to produce the swirling gas jet is shown in Figure 1 . The nozzle chamber consists of a top cover, optical window, main body with four gas inlet joints and eight outlet joints. The pressurized air gas is delivered via an inlet with a diameter of 5 mm into the gas chamber of the main body. The gas chamber is a cylindrical space with a flat-top inlet and tapered-tip outlet, as illustrated in Figure 1b . The nozzle is screwed into the top cover.
As depicted in Figure 2 , the nozzle chamber is made of aluminum (60 mm × 60 mm × 70 mm) and is equipped with four gas inlets P 1 and eight gas outlets P 2 for gas flow. The standoff distance between the nozzle and the material (i.e., the distance from the nozzle exit to the workpiece surface) was set to 10 mm in the simulation and the experiments. Figure 3 shows a photograph and dimensions of the physical model of the swirling gas jet for galvanometer-scanned CO 2 laser drilling.
A three-dimensional (3D) model for the computation domain of the gas jets was constructed using the ANSYS CFX software (ANSYS, Inc., Canonsburg, PA, USA). In this work, a steady-state incompressible flow was treated, the flow of a gas through the nozzles was assumed to be viscous, and a k-ε turbulence model was used.
The transport equations for the RNG k-ε turbulence mode are expressed as follows [20] :
where k is the turbulent kinetic energy; ε is the turbulent dissipation rate; µ eff is the effective viscosity; C 1ε , C 2ε , and C 3ε are empirical constants; and α k and α ε are the inverse effective Prandtl numbers for k and ε, respectively. G K represents the generation of turbulent kinetic energy produced by the mean velocity gradients. G B is the generation of turbulence kinetic energy produced by buoyancy, and Y M is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. As depicted in Figure 4 , the isometric view for the mesh structure was drawn in the preprocessor. The simulation geometry consisted of a laser-drilled surface. Simulation parameters are listed in Table 1 . A convergence analysis was performed with a 1% convergent criteria setup for the flow speed calculation, which results in 43,791 elements that were used in the simulation model. The thermal interactions of the assisting gas with the workpiece material are not considered. In the numerical analysis, the converged results were obtained for P 1 = 300 kPa and P 2 = 30 kPa. the flow speed calculation, which results in 43,791 elements that were used in the simulation model. The thermal interactions of the assisting gas with the workpiece material are not considered. In the numerical analysis, the converged results were obtained for P1 = 300 kPa and P2 = 30 kPa. 
Numerical Results
Numerical results for the velocity contours and velocity profiles of the top-section view at 2 mm above the surface of the machining material are depicted in Figure 5 . As exhibited in Figure 5a , the numerical results show spatter flow through the swirling gas jet nozzle, and hence the gas outflow is obtained. The swirling gas jet can carry the plume particles, rotate the particles cyclonically upward inside the nozzle from the nozzle inlet, and then extract particles from the tube at the top of the nozzle. As exhibited in Figure 5b , velocity profile is perceived as a hollow interior space generated in the central region of the swirling flow, which can keep the laser beam from contamination by ejected spatter. Hence, the plume particles produced above the laser trepanning inlet hole were expelled by the swirling flow more efficiently.
By using the techniques of image processing and analyzing CCD (charge coupled device) recorded images of the plasma [21] , it is observed that the average height of a plasma plume generated during laser processing was approximately 2 mm. Therefore, the position for the top-section view of the nozzle was placed at 2 mm above the surface of the machining material to investigate the influence of gas flow on plume particles. According to the velocity profile of the swirling flow from the top-section view of the nozzle, the gas velocity is much higher in the circulation zone and is centralized. A corresponding Appl. Sci. 2017, 7, 502 5 of 13 finite-element simulated flow velocity is present in the x direction with a movement of ±12.5 mm from the center of the nozzle at 2 mm above the surface of the machining material, as represented in Figure 6 . It is observed that a low-speed region (i.e., 17 m/s) appeared at the nozzle center, and that the spatter was drawn out through the gas outlet as the flow speed increased radially outward from the central region to a peak value of 40 m/s, and then declined to around 30 m/s.
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Plots of the pressure distribution along the nozzle were simulated, and the pressure profiles of the swirling gas jet at 2 mm above the workpiece surface are observed in Figure 7 . According to the pressure profile of the swirling flow from the top-section view of the nozzle, the gas pressure is reduced inwardly from the outer rim to the central zone. The corresponding finite-element-simulated pressure distribution is present along the x direction with a movement of ±12.5 mm from the center of the nozzle at 2 mm above the surface of machining material, as shown in Figure 8 . Numerical results of (a) pressure contours (section view) and (b) pressure profile (top section view of nozzle at 2 mm above surface of machining material) for gas inlet pressure of 300 kPa and gas outlet pressure of 30 kPa.
Flow velocity ( m/s) Figure 6 . Numerical results of flow velocity distribution along x-direction from center of nozzle at 2 mm above surface of machining material for gas inlet pressure of 300 kPa and gas outlet pressure of 30 kPa.
Plots of the pressure distribution along the nozzle were simulated, and the pressure profiles of the swirling gas jet at 2 mm above the workpiece surface are observed in Figure 7 . According to the pressure profile of the swirling flow from the top-section view of the nozzle, the gas pressure is reduced inwardly from the outer rim to the central zone. The corresponding finite-element-simulated pressure distribution is present along the x direction with a movement of ±12.5 mm from the center of the nozzle at 2 mm above the surface of machining material, as shown in Figure 8 . It was observed that a low-pressure region (i.e., −2.4 kPa) appeared at the nozzle center, and the spatter was sucked up through the gas outlet as pressure increased radially outward from the central region to a peak value of 0 kPa, which was sustained. Pressure distribution was found to be in good agreement with the velocity profiles generated by the swirling nozzle. By comparing this with the simulation results obtained for the previous swirling gas jet nozzle, it was found in the literature [18] and in our previous work [9] that the ejected plume may circulate back from the outward of the impinging jet to the bottom of the workpiece. Thus, spatter accumulated around the hole periphery. Therefore, the proposed swirling nozzle outperforms the previous implementations in terms of generating a thorough swirling lifted flow. Moreover, the thorough swirling lifted flow collected the ejected particles and melted debris that flowed toward the edge together, thus decreasing the height of the spatter.
Experiment

Gas Flow Visualization
As displayed in Figure 9 , the trajectory motion of plume particles under a thorough swirling lifted flow was visualized experimentally by the digital camera (Canon IXUS 210, Canon Inc., Tokyo, Japan) to verify the simulation. Flour powder mixed with water was prepared as a substitute for the simulated plume particles. As exhibited in Figure 9b , it was found that the vacuum effect of the upward stream produced by the swirling flow nozzle caused the flour powders to ascend from the water surface. (The flow visualization for the flour powders under the lifting force by the swirling gas jet nozzle with suction is available as supplementary data.) The gas flow visualization is found to be in good agreement with the numerical results.
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Laser Trepanning Depth Comparison
A CO2 laser was employed with a specific swirling flow nozzle in laser trepanning (Table 2) , and the depth and the machining rate of the laser trepanning hole were inspected experimentally. As illustrated in Figure 10 , the system was set on a high-precision XY stage, and a Miniscan II-10 scanner from Raylase (Wessling, Germany) was used for this work. The material under investigation was an acrylic workpiece (300 mm × 300 mm, 10 mm thick). In the experiments, the laser beam was focused at the material surface, thus providing a beam spot for trepanning. The laser source was a CO2 laser (Series 48, Model 48-1, Synrad, Mukilteo, WA, USA) that provided a Gaussian laser beam. The output maximum beam diameter was 6.6 mm, and the beam divergence was typically below 4 mrad. A lens with a focal length of 170 mm was used to focus the laser beam, and the effective spot diameter was 400 μm.
Laser trepanning involves steering a laser beam to scan in a circumferential-closed trajectory over the workpiece surface to create the perimeter of a hole [22, 23] . To compare the trepanning depth performances between the different nozzle configurations, three possible nozzle configurations were 
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In Figure 11 , a superior trepanning depth obtained by a swirling gas jet is observed. The profile image was measured for different gas jet configurations, as shown in Figure 12 . The experiment verified that the average depth of trepanning could be enhanced by 88% by using the swirl assistant compared with the non-assistant condition, and outperformed a straight gas jet condition by 13%. Furthermore, the depth of processing in trepanning at a scanning speed of 30 mm/s could be enhanced by 110% by using the swirl assistant compared with the non-assistant condition, and improved by 79% by using the swirl assistant compared with the non-assistant condition.
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It is shown that the swirling gas jet nozzle had the best trepanning depth among the configurations. However, the swirling gas jet nozzle has a disadvantage that reduced the scan field. Hence, the workpiece was moved with the XY table to stitch an adjacent pattern to form a large-area pattern.
Laser Trepanning Volume Comparison
Laser trepanning was carried out by a galvanometric scanning system to investigate the material removal rate with different gas jet configurations at a laser scanning speed of 5 mm/s. The formation of trepanning through a hole with different trepanning diameters in a 24-mm-thick acrylic workpiece by a CO 2 laser was investigated at a trepanning time of 1.109 s. It was found that as the trepanning diameter increased, the material removal volume by trepanning increased rapidly, as illustrated in Figure 13 .
A profile image was measured for different gas jet configurations, as shown in Figure 14 . The experiment verified that the average volume of trepanning could be enhanced by 71% when using the swirl assistant compared with the non-assistant condition, and outperformed by 11% compared with a straight gas jet condition at a trepanning diameter of 1 mm. It is revealed that the swirling gas jet nozzle had the best trepanning volume among the assisted gas jet configurations. diameter increased, the material removal volume by trepanning increased rapidly, as illustrated in Figure 13 .
A profile image was measured for different gas jet configurations, as shown in Figure 14 . The experiment verified that the average volume of trepanning could be enhanced by 71% when using the swirl assistant compared with the non-assistant condition, and outperformed by 11% compared with a straight gas jet condition at a trepanning diameter of 1 mm. It is revealed that the swirling gas jet nozzle had the best trepanning volume among the assisted gas jet configurations. Laser trepanning depth with different gas jet configurations (no gas jet, swirling gas jet, and straight gas het) at different trepanning diameters. Figure 13 . Laser trepanning depth with different gas jet configurations (no gas jet, swirling gas jet, and straight gas het) at different trepanning diameters. Profile images of drilled holes with different gas jet configurations (no gas jet, swirling gas jet, and straight gas jet) at different trepanning diameters.
Conclusions
The combination of swirling gas jet nozzles and galvanometer-based laser micromachining has been successful for laser trepanning with a 10.6-μm-wavelength CO2 laser. Three different gas jet configurations were investigated in the present study to understand the effects of assisting gas on the trepanning efficiency for an acrylic sheet. The simulation results showed that the proposed swirling gas jet could produce hollow interior space generated by the swirling flow to keep the laser beam Figure 14 . Profile images of drilled holes with different gas jet configurations (no gas jet, swirling gas jet, and straight gas jet) at different trepanning diameters.
The combination of swirling gas jet nozzles and galvanometer-based laser micromachining has been successful for laser trepanning with a 10.6-µm-wavelength CO 2 laser. Three different gas jet configurations were investigated in the present study to understand the effects of assisting gas on the trepanning efficiency for an acrylic sheet. The simulation results showed that the proposed swirling gas jet could produce hollow interior space generated by the swirling flow to keep the laser beam from being contaminated by the ejected plume particles, and to create a cyclonical effect of the upward flow to effectively remove spatter. Experiments were carried out to study the performance of the swirling gas jet, and the results matched the simulations. Furthermore, the validity of the experimental results was further examined for the galvanometer-based laser trepanning processes. It was found that under certain operating conditions (i.e., inlet pressure of 300 kPa and outlet pressure of 30 kPa), the swirling gas jet nozzle had the best trepanning efficiency among the assisted gas jet configurations. The proposed swirling gas jet nozzle can be applied to industrial applications to produce a dense pattern of hole arrays.
